Apertureless near-field microscopy using a knife blade as a scanning probe at millimeter wavelengths J. Appl. Phys. 112, 074907 (2012) Note: Quasi-real-time analysis of dynamic near field scattering data using a graphics processing unit Rev. Sci. Instrum. 83, 106101 (2012) Sensitivity maximized near-field scanning optical microscope with dithering sample stage Rev. Sci. Instrum. 83, 093710 (2012) Instrumentation for dual-probe scanning near-field optical microscopy Rev. Sci. Instrum. 83, 083709 (2012) Quantitative coherent scattering spectra in apertureless terahertz pulse near-field microscopes Appl. Phys. Lett. 101, 011109 (2012) Additional information on Rev. Sci. Instrum. We present advances in experimental techniques of apertureless scanning near-field optical microscopy (aSNOM). The rational alignment procedure we outline is based upon a phase singularity that occurs while scanning polarizers around the nominal cross-polarized configuration of s-polarized excitation and p-polarized detection. We discuss the theoretical origin of this topological feature of the setup, which is robust against small deviations, such as minor tip misalignment or shape variations. Setting the polarizers to this singular configuration point eliminates all background signal, allowing for reproducible plasmonic eigenmode mapping with optimal signal-to-noise ratio.
I. INTRODUCTION
In apertureless scanning near-field optical microscopy (aSNOM) deep subwavelength spatial resolution is achieved, for example, in imaging of local dielectric constant 1 or nearfield distributions of plasmonic samples.
2, 3 Often, a metallic tip is used as the local probe, which interacts strongly with the sample, resulting in detectable far-field scattering of high intensity. For dielectric samples, with an appropriate model for the tip-sample interaction, one can obtain local dielectric constant contrast at a sample surface, i.e., maps of the material composition. 4 For plasmonic structures, however, maps of the local field distribution are at the center of interest. Unfortunately, such samples may themselves exhibit resonant eigenmodes, leading to non-trivial mode hybridization effects between the tip and the sample. 5 This coupling strongly influences the resulting images. [6] [7] [8] [9] Their successful interpretation is typically not feasible without independent additional information about tip and sample. Usually, it also requires extensive simulations as there appears to be no general analytical model for this strong interaction case.
One way towards interpretable near-field images is the use of special, extremely weakly interacting probes, like carbon nanotube tips, 10 with correspondingly small detected signals. An interesting alternative is the predominant excitation of the sample, avoiding strong direct excitation of the probeat least in the gap volume between probe and sample, where the local near-field signal is generated. In such a case the sample may indirectly, via near-field interaction, excite a suitable probe tip of significant scattering cross section. The scattered radiation is sufficiently intense to be easily detectable in the far-field and carries information mostly about the sample. This is the basic concept of the cross-polarization scheme for aSNOM. 3 In the idealized description, the illuminating beam is s-polarized, perpendicular to the tip axis. The detected radiation is analyzed for p-polarization, resulting from the local excitation of the tip by the sample. Still, aSNOM is often plagued by background signal originating from imperfect alignment, which might even obscure any signal carrying information from the near-field region. Under favorable circumstances it is possible to clean up recorded data by numerical postprocessing, but the resulting near-field images are usually of inferior quality. In order to achieve highest signal-to-noise ratios (SNR), a systematic approach is much desired to eliminate this background already at the time of recording.
Several groups have presented results obtained in cross-polarization configuration 3, 11, 12 and discussed them in the vein of the above remarks. Here, we concentrate on the instrumentation and procedural aspects that facilitate the optimal alignment of aSNOM. We achieve nearly perfect background suppression using a topological singularity in the polarization phase space. Our rational alignment procedure results in routine, direct measurements of nearly unperturbed plasmonic eigenmodes with excellent quality.
II. SETUP
A detailed description of the main parts of our setup can be found in Ref. 13 . It is based on a commercial atomic force microscope (AFM, M5 Park Scientific). After a short review of standard aSNOM instrumentation techniques we employ, we give a detailed description of our implementation of a cross-polarization scheme.
It is well known that a modulation-demodulation scheme facilitates the discrimination of near-field signal against parasitic background signals:
1, 14 to this end, a lock-in amplifier is locked to the AFM cantilever deflection signal. Filtering the optical signal at a suitable harmonic of this frequency efficiently extracts the (spatially non-linear) near-field contributions. Care has to be taken that no mechanical anharmonicities are present. 15 In addition to the setup described in Ref. 13 , we use a confocal arrangement for the optical microscopic detection path, where radiation is collected only from the diffraction limited image volume of a spatial filter centered at the tip apex. Single mode optical fibers (Thorlabs 780HP) provide convenient apertures [17] [18] [19] for both delivering light from the laser source to the setup as well as from the setup to the detector (see Figure 1) .
The combination of filtering techniques introduced above significantly reduces the total signal intensity. The intensity of the illumination beam is limited by the damage threshold of the tip to about 0.5 MW/cm 2 . This limits the intensity of the light scattered back from the near-field region onto the detector. Additionally, the detector and amplifier bandwidths have to be higher than the AFM cantilever frequency and its higher harmonics. Signal strengths are often hardly above the noise level of typical high-bandwidth, linear detectors. A standard way to overcome this is an optical amplification scheme.
1
The weak signal carrying beam is interferometrically amplified with a stronger reference beam. 20 Once the signal is amplified well above the noise level of the detector-amplifier system, no further improvement of the SNR is possible. [21] [22] [23] We use a Mach-Zehnder-type interferometric amplification scheme (see Figure 1) . After splitting off the reference beam, a Glan-Taylor prism polarizes the excitation beam to the s-state. A second polarizer selects the p-component of the superimposed beams behind the combining beam splitter. With motorized rotation stages for the two Glan-Taylor prisms we can scan the polarizations systematically to find the optimal configuration.
Interferometric amplification also allows extracting both the amplitude and relative phase between signal and reference beam. Over the years several schemes have been employed in aSNOM, in close analogy to information encoding techniques in signal processing electronics. In our instruments we use a homodyne scheme. Amplitude and phase are reconstructed from two measurements S 1 and S 2 with a phase difference of the reference path of +90
• . Both measurements are projections of the complex-valued total signal S on two lines with -in our case -an angle difference of 90
• in the complex plane (see Figure 2 ). Total amplitude and optical phase ψ can be calculated by
To be able to address the full range of ψ ∈ [0, 360 • ), it is crucial to attribute a sign to the two measured amplitudes S 1, 2 , in order to obtain a proper optical phase that coincides with numerical calculations.
3 One way is to assign a negative amplitude whenever the lock-in detector phase (available range −180
• to + 180 • ) is below zero and positive otherwise. From the two signs of S 1, 2 the value of ψ is thus fixed uniquely.
In the cross-polarization scheme the exciting and detected field components are orthogonally polarized.
3, 27, 28 Using s-polarized light for illumination, the tip is hardly excited at all. 29 In contrast, the structures on the sample may respond to s-polarized excitation with strong plasmonic resonances. The tip efficiently picks up the local vertical field components of these resonances and scatters them back into the far-field as mainly p-polarized light. We place a second polarizer in front of the detector, set to p-polarization.
Regarding the interferometric signal amplification the different types of interferometers demand different implementations. In a Michelson type interferometer the light is polarized to ensure s-polarization in the illumination path. By including a λ/4-plate in the reference arm the polarization is turned by 90
• and only the p-polarized component of the scattered light is amplified. 11 We view a Mach-Zehnder interferometer as preferable since it allows an independent manipulation of the two partial beams, offering direct, full control of the polarization states in both paths. After splitting off the reference beam, a Glan-Taylor prism polarizes the illumination to the s-state. The scattered light is mixed with the reference 033704-3 Esslinger et al.
Rev. Sci. Instrum. 83, 033704 (2012) beam in a second beam splitter, and a second polarizer selects the p-component of both beams. We use non-contact AFM tips (Nanosensors, AdvancedTEC NC) made of silicon. 6, 13 To our experience, this kind of probe provides sufficient scattering cross section with little or no parasitic coupling. For plasmonic resonant gold structures in the visible to near-infrared region, we do not observe perturbations of the sample compared to FDTD calculations not including the silicon tip.
3 For more delicate systems, more weakly interacting tips could be necessary.
III. ALIGNMENT AND VERIFICATION
Having situated the tip at the center of the threedimensional focal volume, one usually finds a finite backscattering background in the cross-polarized detection channel. Without further optimization, this is essentially an unavoidable consequence of a variety of experimental imperfections: AFM tips are not suitably shaped and aligned, the illumination is not a properly Gaussian beam, etc. The next alignment step is therefore to examine whether optimal cross polarization can be established by optimizing the polarizer settings. In our experience, it is usually possible to find polarizer settings, which show zero backscattering intensity.
The optimal configuration is indicated by the occurrence of a phase singularity in the backscattered radiation when scanning the polarizers. The theoretical background of this singularity will be explained below. To locate it experimentally, we need to use interferometry to gain phase sensitivity, recording the homodyne amplitude and phase. The systematic search then involves raster-scanning the two linear polarizers each by a few degrees around the nominal alignment. A typical two-dimensional data set that results from such a scan in polarization parameter space is shown in Figure 3 .
The position 0 • /90
• for both polarizers marks the position of nominal cross polarization. The actual minimum we find in the amplitude scan is at a slightly different position. An indication what the optimal setting can be is found in the corresponding phase image. Encircling the lowest intensity pixel, a phase accumulation of 2π becomes evident -the classic signature of a topologically non-trivial feature. The implied phase singularity associated with this minimum is thus a mathematical point in parameter space. Barring the usual experimental caveats, such as accuracy in parameter setting, measurement noise, or stability, the background signal can be set not only below the detector noise, but to actual zero level. In our setup, this minimum is typically found at polarizer positions within ±5
• off the nominal position.
IV. THE NATURE OF THE PHASE SINGULARITY
The occurrence of a phase singularity in the polarizer scans described above is a natural consequence of two orthogonal tip modes being excited. As they are excited and recorded in the far-field with two orthogonally polarized modes (s-and p-polarization), it is convenient to employ the Jones formalism to describe the detected signal. Scattering from the tip apex region -when properly centered in a Gaussian focusis well approximated by a polarization ellipsoid. 4, 14, 29 It responds to excitation by s-and p-polarized light with two orthogonal modes (see also Figure 4 ).
The symmetry of this idealized system causes radiation emitted by the excited tip to be again linearly polarized in the same modes as the excitation radiation. Hence, off-diagonal elements of the Jones matrix describing the tip backscattering are zero,
where α s, p are complex-valued coefficients describing the backscattering strength of the tip due to the two modes. The linear polarizers used in the excitation and detection paths are described by
The detected signal after passage through the whole system, with the two polarizers at angles θ in, out , reads Typical examples for signal strengths simulated with Eq. (5) for different polarizer angles and polarizabilities are illustrated in Figure 5 . Generally, a phase singularity is observed located at the nominal cross-polarization position. The amplitude images exhibit an elliptical shape, whose orientation and eccentricity depend on both the relative magnitudes and phases of α s and α p . Only for the degenerate case of a relative phase difference between the two polarizabilities of zero or 180
• does the phase singularity become a line of zero amplitude.
In passing we note the possibility to extract from such scans -with corresponding analysis, based on Eq. (5) -the complex-valued ratio α p / α s . That is, the relative dipolar polarizabilities of an unknown tip can be characterized. In this sense, our polarizer scans are related to particle tip characterizations employed in previous studies. 30, 31 In a real setup, the perfect symmetry stipulated above is not realized. However, the presence of a phase singularity is a topological property of the system. As such it is quite robust against small, continuous deviations. For example, small rotations or displacement of the tip in space -being adiabatic evolutions of the system -do not abruptly destroy the phase singularity. Slight adjustments to the polarizer angles allow it to be recovered.
Similar arguments hold for adiabatic deformations of the tip. These introduce small, non-dipolar polarizabilities, whose backscattering is superimposed on the dipolar response. Still, for not too large deformations, it is possible to find cross polarization. By slightly realigning the polarizers the coherent superposition of dipolar and (small) non-dipolar scattering is such that an exact linearly polarized state is formed at the second polarizer.
It takes more drastic deviations from the presumed perfectly conical tip shape to develop sufficiently strong nondipolar polarizabilities that always lead to some non-linearly polarized backscattered signal, regardless of input polarizer alignment. In this case, no phase singularity is observed in the polarizer scans, only a finite minimum amplitude. On the one hand, this forces us to reject some of the commercial AFM tips we employ (less than 40%). On the other hand, the systematic cross polarization scan thus provides a welcome rational method for screening the suitability of AFM tips for aSNOM.
V. APPLICATIONS
After aligning the setup we approach the sample from below until it is in proximity of the tip. Keeping the tip fixed in space, we raster scan the sample with a piezo stage (Physik Instrumente P-517.3CD). From the AFM feedback loop and optical signal we obtain images of the topography as well as optical amplitude and phase. Figures 6(a)-6(c) show an image taken with an imperfect cross-polarization alignment. The topography image shows gold discs on a SiO 2 substrate. Detailed studies of such structures have been published earlier.
3, 32 In the optical image the dipolar character is visible as one bright and one dark lobe compared to the regions in between the discs. At the same time the phase image shows contrast only in a few regions. The areas where the phase deviates from the otherwise uniform rest correspond to the dark areas of the amplitude image.
We explain these observations by assuming an additional background signal overlaying our optical near-field signal (see Figure 2) . Light being backscattered by solely the tip or solely the sample leads to a nonzero background. To our experience, this background is mostly constant or drifts linearly in time. One may evaluate the complex-valued signal in an area between the structures, where very small signal amplitudes are expected. By subtracting this complex-valued background we obtain a new amplitude and phase signal which is now nearly zero over the whole background region. The amplitude image, postprocessed in this fashion, (Figures 6(d) and 6(e)) shows two bright lobes on the dipole discs and the phase difference of both lobes is close to 180
• . Rather than by postprocessing, it is desirable to eliminate the background signal already at the time of recording by establishing cross polarization. Figures 6(f)-6(h) show the raw data obtained from the same sample after realigning the setup to exact cross polarization. A comparison shows clearly the improved signal-to-noise ratio, thanks to the crosspolarization alignment.
The cross-polarized aSNOM technique can also be used to obtain faithful near-field information from rather complex plasmonic structures. Here we discuss the example of linear feed-gap antennas consisting of two gold wires fabricated by electron beam lithography. Fabrication and size parameters are systematically varied to tune the resonance frequencies and identify optimal structures with the desired optical response. To demonstrate the potential of cross polarization, we measure different configurations of illuminating and scattered beams. Figure 7 (a) shows the images measured in cross polarization. With the electric field of the incident beam in the direction of the wire, the antennas are strongly excited. In this configuration, lobes of the electric field strength are observed on the resonant wires. The plasmonic eigenmodes are mostly unperturbed.
3 Background signal in regions without metallic structures is low. When we place the antennas perpendicular to the incident electric field (Figure 7(b) ), we excite trans- verse modes of the wire. These do not depend on the wire length, only on its width. The structures are not resonant for this mode.
Using p-polarized for incident as well as detected light, both tip and sample are directly excited, couple to each other, and scatter back (see Figures 7(c) and 7(d) ). Much of the contrast observed here stems from variations in the backscattering cross section of the coupled tip-sample system, which in turn largely depends on sample material. By comparing with simulations or a model, 12 one can gain information about the dielectric constant of the sample or even its dielectric tensor. 33 When aligning both illumination and detection path to s-polarization, we obtain very low signal intensities in the near-infrared (see Figures 7(e) and 7(f) ). Evidently, the tip cannot be efficiently excited by the incident beam, nor can it radiate efficiently with this polarization. In the mid-IR, for cases of particularly strong near-fields at a sample, such a configuration has been shown to allow mapping of in-plane components.
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VI. SUMMARY AND OUTLOOK
Filtering techniques and systematic alignment of an aSNOM in cross polarization can lead to background-free optical near-field images. We build upon the well-established techniques of higher harmonic demodulation for discrimination of near-field signal against background scattering and homodyne interferometric amplification for increased signal strength and access to the complex optical amplitude. In addition, we recommend a confocal optical setup for further increased background reduction and the use of spatial filtering for optimal interferometric visibility.
The main message, though, is the high-fidelity of nearfield optical microscopy afforded by the cross-polarization scheme. We outline its systematic alignment, which leads to largely decoupled illumination and detection with very little perturbation of plasmonic sample eigenmodes. With the sample retracted, the alignment procedure routinely achieves background levels below the detector noise. With the sample in contact, all signal can thus be ascribed to tip-mediated scattering of local near-fields from the sample. Earlier 3 we showed that signals measured in cross polarization reproduce very well the vertical component of the electric field of the excited bare sample -as simulated in the absence of any probe tip.
As an outlook, one may consider a deliberate tilt of the probe tip with respect to the surface normal. A correspondingly rotated cross-polarization scheme can be envisioned, using polarization states compatible with such a tip. It may be expected to allow similarly background-free measurements of slanted field components parallel to the tip's shaft. In combination, successive measurements with differently angled tips might allow the systematic reconstruction of the entire complex electric field vector.
